Early B cell factor 3 (EBF3) is a member of the highly evolutionarily conserved Collier/Olf/EBF (COE) family of transcription factors. Prior studies on invertebrate and vertebrate animals have shown that EBF3 homologs are essential for survival and that loss-of-function mutations are associated with a range of nervous system developmental defects, including perturbation of neuronal development and migration. Interestingly, aristaless-related homeobox (ARX), a homeobox-containing transcription factor critical for the regulation of nervous system development, transcriptionally represses EBF3 expression. However, human neurodevelopmental disorders related to EBF3 have not been reported. Here, we describe three individuals who are affected by global developmental delay, intellectual disability, and expressive speech disorder and carry de novo variants in EBF3. Associated features seen in these individuals include congenital hypotonia, structural CNS malformations, ataxia, and genitourinary abnormalities. The de novo variants affect a single conserved residue in a zinc finger motif crucial for DNA binding and are deleterious in a fly model. Our findings indicate that mutations in EBF3 cause a genetic neurodevelopmental syndrome and suggest that loss of EBF3 function might mediate a subset of neurologic phenotypes shared by ARX-related disorders, including intellectual disability, abnormal genitalia, and structural CNS malformations.
An estimated 7.6 million children are born annually with congenital neurodevelopmental disorders, encompassing several clinically and biologically heterogeneous conditions including intellectual disability, autism spectrum disorder (ASD), and epilepsy. [1] [2] [3] The underlying diseasecausing mechanism remains elusive when a genetic disorder lacks strong unique features to stratify the affected individuals for traditional phenotypically driven gene discovery. The advent of whole-exome sequencing (WES) has provided a powerful tool for discovering disease-associated genes by identifying mutations in a population of individuals presenting with rather non-specific clinical features. [4] [5] [6] We have identified three individuals with a previously unrecognized genetic syndromic disorder characterized by global developmental delay (3/3), hypotonia (3/3), intellectual disability (3/3), mild facial dysmorphisms (3/3), facial weakness (3/3), expressive speech disorder (3/3), ataxia (3/3), perseverative social behaviors (1/3), motor stereotypies (1/3), decreased pain response (2/3), structural CNS malformations (2/3), and genitourinary malformations (2/3) ( Figure 1 and Table S1 ). These three individuals all have de novo EBF3 (MIM: 607407; HGNC: 19087) missense variants that affect the same amino acid residue (Arg163) in the Zn 2þ finger Collier/Olf/Ebf (COE) motif and are predicted to be putatively deleterious by SIFT and PolyPhen-2 models ( Figure 1A and Table S2 ). The coincidental occurrence of three de novo variants affecting the same residue in individuals with similar phenotypes from a total WES cohort of 7,595 individuals is highly unlikely and remains statistically significant after correction for the size of the targeted exome (p ¼ 2.1 3 10 À3 ). [7] [8] [9] Prior statistical models examining observed versus expected functional coding variation revealed that EBF3 undergoes selective restraint, a process where selection has reduced functional variation, suggesting that mutations are more likely to be deleterious. 10, 11 Statistical analysis comparing the observed to the expected functional variation across the genome for EBF3 resulted in a Residual Variation Intolerance Score (RVIS) of À0.646, where RVIS < 0 indicates that there is less common functional variation than predicted. 10 Furthermore, in a model of de novo mutations for ASD and intellectual disability, the statistical analysis identified EBF3 as one of~1,000 genes that significantly lack functional variation in non-ASD individuals but are enriched with de novo loss-of-function mutations in affected individuals. 11 Similarly, analysis of the ExAC (Exome Aggregation Consortium) Browser revealed that EBF3 has a high probability of loss-of-function intolerance (pLI ¼ 1.0), given that 23.2 loss-of-function variants were expected given the gene's size and GC content but only one loss-of-function variant was observed. 12 Together, these statistical findings provide strong evidence that the recurrent de novo variants in EBF3 cause the observed neurodevelopmental disorder. Clinical data were obtained after written informed consent was provided and procedures were followed in accordance with the ethical standards of the participating institutional review boards on human research and in keeping with national standards. were identified for probands 2 and 3, respectively, by clinically based exome sequencing performed in the Baylor Genetics Laboratory, certified by the Clinical Laboratory Improvement Amendments (Supplemental Note and Table S3 ). Sanger sequencing of the parental samples to confirm segregation revealed de novo variants for all three probands. Paternity was confirmed by the inheritance of rare SNPs from the parents. Sample swap was excluded. Neither of the changes is present in the ExAC Browser. 12 The clinical phenotypes of these individuals and their EBF3 variants are depicted in Figure 1 Figure 1C ). Proband 3 is a 3-year-old female of English, Irish, German, and Polish descent and has a de novo c.488G>T (p.Arg163Leu) missense change in EBF3. Her prenatal history is significant for delivery at 39 weeks of gestation by caesarean section due to breech position and a birth weight of 2.7 kg (tenth percentile). Her clinical features include congenital hypotonia, facial weakness, global developmental delay, expressive speech disorder, dysphagia, motor stereotypies, and dysmorphisms including a triangular facies, small feet, and torticollis. She has no genitourinary abnormalities. At present, she speaks only one word, achieved ambulation late, and has a pincer grasp. She is reported to have marked insensitivity to pain such that she does not cry when she falls or receives vaccinations. Brain MRI obtained at 1 year of age was normal, and follow-up at 2 years of age was also normal ( Figure 1D ; a normal brain MRI axial image from a 23-month-old unaffected individual is included in Figure 1E for comparison).
All three probands presented here have neurodevelopmental disorders composed of intellectual disability, global developmental delay, ataxia, and motor incoordination ( Figure 1 and Supplemental Note). Consistent neurological abnormalities in these probands include congenital hypotonia, facial weakness, dysphagia, and pronounced expressive speech disorder with dysarthria. Two probands also have decreased pain sensitivity. Brain anomalies are present in two of the three probands and include vermian hypoplasia with or without reduced cerebellar hemispheres.
No other structural brain anomalies have been noted. Both probands with brain anomalies (1 and 2) have the de novo p.Arg163Gln variant. In contrast, proband 3 has the de novo p.Arg163Leu variant and lacks brain anomalies. Probands 1 and 2 have genitourinary defects, but proband 3 does not. A variety of dysmorphic features were also observed in the three probands ( Figure 1 and Supplemental Note).
The recurrent de novo variant at the same nucleotide (c.488G>A [p.Arg163Gln]) is potentially due to the location of nucleotide 488 in a CpG-dinucleotide island. CpG-dinucleotide islands are mutational hotspots underlying over one-third of de novo missense variants associated with human diseases. 13, 14 Given that paternal age was >40 years old for both probands with the p.Arg163Gln variant, other potential mechanisms are the selfish spermatogonial selection process proposed to underlie the association between advanced paternal age and neurodevelopmental disorders, 15 unrecognized side effects of the mutation resulting in recurrent de novo variants, or a selection bias for consistent neurodevelopmental phenotypes. EBF3 is a downstream transcriptional target of aristalessrelated homeobox (ARX) and is thought to be transcriptionally repressed by ARX. Gene-expression analysis performed on mouse Arx-mutant medial ganglionic eminence (MGE) showed that Ebf3 had the highest increase in expression levels with the deletion of Arx. Furthermore, in vitro assays confirmed that Arx directly represses Ebf3 expression, indicating that ARX and EBF3 share a strong molecular interaction in regulating g-aminobutyric acid (GABA)ergic interneuron development and migration. 16, 17 Various mutations in ARX (MIM: 300382; HGNC: 18060) cause a diverse range of neurodevelopmental disorders ranging from structural CNS malformations and genitourinary abnormalities associated with premature truncation mutations (MIM: 300004 and 300215) to infantile spasms and epileptic encephalopathies associated with polyalanine repeats (MIM: 308350, 309510, and 300419) to isolated intellectual disability associated with missense mutations or ARX duplications (MIM: 300419). 16, [18] [19] [20] [21] [22] [23] [24] Although the exact pathogenic nature of these ARX mutations remains to be fully elucidated, the types of mutations and CNVs suggest that haploinsufficient, gain-of-function, and dominant-negative mechanisms exist for ARX-related disorders. 18 The EBF3 Arg163 residue affected in all three probands is a highly conserved arginine across vertebrate and invertebrate species and is located in the Zn 2þ finger COE motif (H-X 3 C-X 2 -C-X 5 -C) present in the amino-terminal DNAbinding domain (Figure 2A) . A prior mutational study of the paralogous EBF1 showed that disrupting highly conserved cysteine and histidine residues in the 14-aa COE motif abolishes DNA-binding activity by destabilizing the conformation of the Zn 2þ finger COE motif. 43 In the same study, EBF1 p.Arg163Ala also affected DNA binding. 43 To assess the functional consequences of p.Arg163Gln and p.Arg163Leu on EBF3 activation of gene expression, we performed a luciferase activity assay by utilizing previously identified COE transcription factor binding sites. 44, 45 To generate the EBF3 variants, we utilized the human full-length cDNA clone for the most abundant splicing isoform of EBF3 (full-length ORF [GenBank: HQ258299] and mRNA [GenBank: BC130479.1]). Site-directed mutagenesis was performed for EBF3 in the pENTR223 Gateway compatible donor vector via either the Agilent QuikChange Lightning or the NEB Q5 site-directed mutagenesis protocol. We compared the transcriptional activity of the EBF3 variants to that of two controls: wild-type (WT) EBF3 and EBF3 with deletion of the Zn 2þ finger COE motif (DCOE). HEK293 cells were co-transfected with each individual EBF3 cDNA expression construct in combination with nanoluciferase (NanoLuc) and firefly luciferase vectors. Activation of reporter-gene expression in vitro was assessed as the ratio of NanoLuc to firefly luciferase. A 92-fold induction was observed with WT EBF3. However, EBF3 p.Arg163Leu had only a 45-fold induction, suggesting that the variant is a hypomorphic alteration. EBF3 p.Arg163Gln showed a very poor induction similar in level to the transfection background and that of EBF3 DCOE controls, indicating that it is a severe loss-of-function variant ( Figure 2B ). 
finger COE motif is highly conserved across vertebrates and invertebrates. (B) Activation of reporter-gene expression in HEK293 cells was assessed as the ratio of NanoLuc to firefly luciferase according to the Promega NanoGlo Dual Reporter protocol and was measured on the TD 20/20 Luminometer. The cDNAs encoding WT EBF3 and the EBF3 p.Arg163Gln and p.Arg163Leu variants had a stop codon to ensure that the proteins were untagged to minimize off-target effects from a protein tag. The cDNAs were subcloned into the mammalian expression vector, pcDNA-DEST40. Two synthetic oligonucleotides containing the imperfect palindromic COE binding sequence were used to generate six concatamerized COE binding sites in the NanoLuc vector, pNL3.1. The pGL4.53 firefly luciferase vector was used as an internal transfection control. Additional experimental controls included EBF3 with deletion of the Zn 2þ finger COE motif (denoted as DCOE). As transfection background controls, we either transfected only the pNL3.1 with six COE binding sites and pGL4.53 but no cDNA expression vectors (denoted as ''empty vector'') or did not transfect any vectors (denoted as ''no transfection''). A 92-fold induction was observed with WT EBF3 (black). However, EBF3 p.Arg163Leu caused only a 45-fold induction (blue), indicating a partial loss of transcriptional activation. EBF3 p.Arg163Gln showed a very poor induction of transcription (red) similar in level to the transfection background (gray) and that of EBF3 DCOE (magenta) controls, indicating severe loss of activity. Data represent the mean 5 SEM. n ¼ 24 (six replicates per four separate transfections per experimental condition); ***p < 0.001 via one-way ANOVA with Tukey's post hoc analysis; n.s., no significant difference.
To decipher the functional significance of the observed de novo variants affecting residue Arg163, we turned to a recently proposed method to test their pathogenicity in vivo in flies. 46 EBF3 is one of four COE homologs in mammals, but Drosophila melanogaster has only one COE transcription factor, knot, also known as collier (gene symbol: kn [FlyBase: FBgn0001319]), which has 62% identity with and 70% similarity to EBF3 ( Figure 3A) . Prior studies in the fly have shown that loss of knot function is detrimental to nervous system development and that homozygous-null alleles of knot are embryonically lethal. 39, 40, 47 We utilized rescue of the homozygous embryonically lethal phenotype and the availability of sophisticated genetic tools to assess the human EBF3 variants by taking advantage of a Minos-mediated integration cassette (MiMIC) transposon inserted in the fourth coding intron of knot ( Figure 3B ). 48, 49 Utilizing recombinase-mediated cassette exchange (RMCE), we created a novel knot allele that truncates the knot transcript and expresses the yeast transactivator gene, GAL4, under the control of the endogenous regulatory elements of knot (Figure 3B) . 50, 51 Heterozygous kn-T2A-GAL4 flies are viable and do not show any obvious phenotype. Complementation testing showed that the kn-T2A-GAL4 is a severe loss-of-function or null allele causing homozygous embryonic lethality. kn-T2A-GAL4 also fails to complement the lethality of the previously well-characterized amorphic kn col-1 allele, 40 the hypomorphic kn 1 allele, 47 and a molecularly defined deficiency allele, Df(2R)BSC429, which includes the kn locus 52 ( Figure 3C ), confirming the specificity of the kn-T2A-GAL4 mutation.
To assess the functional significance of the EBF3 p.Arg163Gln and p.Arg163Leu variants in flies, we generated several transgenic fly alleles by utilizing the pUASg-HA-attB vector 53 to express the human WT EBF3 and variant cDNAs with a C-terminal hemagglutinin (HA) tag Figure 3 . Generation and Characterization of the Fly kn-T2A-GAL4 Allele (A) High conservation of protein structure and amino acid sequence between human EBF3 and fly Knot with 62% identity and 70% similarity. Conserved domains include the DNA-binding domain (DBD, red), Zn 2þ finger COE motif (pink), Iglike/plexins/transcription factors (IPT) domain (cyan), helix-loop-helix dimerization motif with a helices H1 (green) and H2 or H2 0 (blue), and C-terminal transactivation domain (yellow). (B) Conversion of the MI15480 line with a MiMIC transposable-element insertion in the fourth coding intron of knot via fC31-mediated RMCE for generation of the kn-T2A-GAL4 allele, which expresses GAL4 transactivator in the pattern of kn. This allele also creates a loss-of-function allele of knot by prematurely truncating the transcript by a ribosomal skipping signal (T2A) and a premature polyadenylation signal (pA).
(C) Complementation testing shows that kn-T2A-GAL4 with both the amorphic kn col-1 and genomic deficiency Df(2R) BSC429, encompassing the entire kn locus, fails to complement the lethality. Complementation with hypomorphic kn 1 is semilethal with <10% viability. (D) For expression analysis, yw/y; kn-T2A-GAL4/CyO, Kr-GAL4, UAS-GFP males were crossed with yw; UAS-cDNA/TM3 Sb, Kr-GAL4, UAS-GFP virgin females, and double heterozygotes were selected by loss of GFP expression. Images were acquired on a Leica Sp8 laser-scanning confocal microscope. The same settings for laser power and detector gain were used for all genotypes. Images were acquired as a z stack with a z-step of 1 mm and line average of 4 at 400 Hz with a 253 water objective at 1024 3 1024 pixel resolution. Maximum intensity projections were created from the stack in ImageJ. Immunolabeling revealed that kn-T2A-GAL4 recapitulates the endogenous knot expression pattern in third instar wing disc, as shown with the HA-tagged UAS fly lines for WT Knot, WT EBF3, and the EBF3 p.Arg163Gln and p.Arg163Leu variants. Images show HA (magenta) and DAPI (gray). The scale bar represents 100 mm.
under the control of upstream activating system (UAS) elements. As an internal control, we assessed rescue with the WT knot fly cDNA with a C-terminal HA tag under the control of UAS. In conjunction with the kn-T2A-GAL4 allele, the UAS-GAL4 system allowed us to express the human EBF3 and fly knot cDNAs in the same endogenous spatiotemporal pattern as knot. We determined that kn-T2A-GAL4 recapitulates the previously characterized 
brain and ventral nerve cord, yw/y; kn-T2A-GAL4/CyO, Kr-GAL4, UAS-GFP males were crossed with yw; UAS-cDNA/ TM3 Sb, Kr-GAL4, UAS-GFP virgin females, and double heterozygotes were selected by loss of GFP expression in the wandering third instar larval stage. Images were acquired on a Leica Sp8 laser-scanning confocal microscope. The same settings for laser power and detector gain were used for all genotypes. Third instar larval brain images were acquired as a z stack with a z-step of 1.51 mm and line average of 4 at 400 Hz with a 203 objective at 1024 3 1024 pixel resolution. Maximum intensity projections were created from the stack in ImageJ. Immunolabeling revealed that kn-T2A-GAL4 drives expression of HA-tagged UAS fly lines for WT Knot (A), WT EBF3 (B), EBF3 p.Arg163Gln (C), and EBF3 p.Arg163Leu (D) in the third instar brain and ventral nerve cord (panneuronal marker Elav in cyan; nuclei labeled with DAPI in gray). The scale bar represents 100 mm. (E) Fly in vivo rescue analysis using the UAS-GAL4 system. For generating the rescue flies, w 1118 /y; Df(2R)BSC429/Sp; UAS-cDNA-WT-HA/þ males were crossed with yw; kn-T2A-GAL4/SM6a virgin females to produce rescue animals with Knot or EBF3 produced solely from the UAS allele under the control of the kn-T2A-GAL4 driver. The genotypes of the rescued flies are yw/y; Df(2R)BSC429/kn-T2A-GAL4; UAS-cDNA-HA/þ males and w 1118 /yw; ; Df(2R)BSC429/kn-T2A-GAL4; UAS-cDNA-HA/þ females. For each UAScDNA line, >550 adult flies were scored; data represent the number of observed rescue flies and the total number of flies scored. UAS fly lines expressing WT Knot or WT EBF3 rescued embryonic lethality in viable adults. UAS fly lines expressing EBF3 variant p.Arg163Gln or p.Arg163Leu completely failed to rescue the lethality such that no rescue animals were observed as adults or pupae.
endogenous expression pattern of Knot in the wing imaginal disc of third instar larvae for the UAS lines encoding WT Knot, WT EBF3, and the EBF3 p.Arg163Gln and p.Arg163Leu variants when probed with anti-HA (magenta) ( Figure 3D ). 47 We also determined that kn-T2A-GAL4 drives expression of WT Knot, WT EBF3, and the EBF3 p.Arg163Gln and p.Arg163Leu variants when probed with anti-HA (magenta) in a similar subset of neurons labeled with the pan-neuronal marker Elav (cyan) in the third instar larval brain and ventral nerve cord (Figures 4A-4D ). These data suggest that the GAL4 produced by the fusion transcript is expressed in the proper spatial and temporal expression pattern.
To determine the in vivo functional consequences of the EBF3 p.Arg163Gln and p.Arg163Leu variants, we utilized the UAS-GAL4 system with the kn-T2A-GAL4 allele to assess whether WT Knot, WT EBF3, and EBF3 p.Arg163Gln and p.Arg163Leu are capable of rescuing the embryonic lethality observed with complete loss of endogenous Knot. We scored >550 adult flies per cDNA variant and found that both WT EBF3 and WT Knot rescued the embryonic lethality at near Mendelian expectations but that both the EBF3 p.Arg163Gln and p.Arg163Leu variants failed to rescue the lethality, and no adults or pupae were observed ( Figure 4E) .
Together, the in vitro luciferase reporter-gene activation assay and in vivo fly functional assessment demonstrate that our probands' de novo EBF3 variants result in a loss of EBF3 function in activating transcription, which is consistent with prior in vitro findings showing that altering the charged Arg163 to neutral alanine abolishes DNA binding. 43 Pathogenic mechanisms for these variants could potentially be gain of function, haploinsufficiency loss of function, and dominant negative. A gain-of-function mechanism is less likely given the luciferase data and the near complete loss of activation of reporter-gene expression. The normal development of heterozygous kn col-1 flies and the subtle morphological phenotypes displayed in mice with Ebf3 haploinsufficiency suggest that haploinsufficiency might not solely contribute to the observed phenotypes in our probands. However, the prior findings in fly and mouse models are limited in the assessment of the in vivo consequences of knot or Ebf3 haploinsufficiency to neural network activity and behaviors, and we therefore cannot exclude haploinsufficiency on the basis of these results from prior animal models. Deletions of at least part of the EBF3 locus have been observed in 59 of 21,770 samples in DECIPHER; they range in size from 120 kb to 14.49 Mb and are associated with syndromic neurodevelopmental features including cerebellar vermian hypoplasia, behavioral abnormalities, motor stereotypies, intellectual disability, delayed speech and language, motor delay, seizures, and genitourinary abnormalities, which were observed in our three probands. 54 The majority of these deletion CNVs were reported as de novo in DECIPHER, but some were also inherited from a reportedly unaffected parent, suggesting that the parent might have somatic mosaicism for the CNV or genetic modifiers of phenotypic severity. The smallest deletion encompassing the entire EBF3 locus was 656 kb and only included two genes in addition to EBF3.
In contrast, the Database of Genomic Variants (DGV) reports no CNVs with deletion of the entire EBF3 locus in 54,946 samples from the general population. 55 However, the DGV does report two individuals with deletion CNVs (1.25 and 1.34 Mb) containing a breakpoint within the EBF3 locus. Given that the full phenotypic range of EBF3 loss of function has not been elucidated, it remains to be determined whether these reportedly unaffected individuals carrying EBF3 deletion CNVs might represent the milder presentation of EBF3 loss of function or are unaffected carriers. Relative to those in reportedly unaffected individuals in the general population, the enrichment of EBF3 deletion CNVs reported in affected individuals with a range of neurodevelopmental phenotypes, together with the phenotypic overlap between our probands and de novo loss-of-function variants in EBF3, suggests that haploinsufficiency of EBF3 is potentially pathogenic. Given that EBF3 transcription factors function as homodimers that bind to each other via their basic helix-loop-helix domain, another potential mechanism for the loss of function observed with variants p.Arg163Gln and p.Arg163Leu could be that they correspond to dominant-negative mutations that poison the function of the WT protein. The autosomal-dominant mode of inheritance of these variants is therefore most likely due to EBF3 loss of function via either a dominant-negative or haploinsufficient effect. Interestingly, EBF3 is a well-characterized transcriptional target of ARX, and loss of ARX repression of EBF3 causes disrupted inhibitory GABAergic neuronal migration in Arxdeletion mouse models. Our findings suggest that EBF3 loss of function might mediate a subset of features seen in ARX-related disorders associated with ARX gain of function, specifically with regard to the shared features of intellectual disability, abnormal genitalia, and structural CNS anomalies. Additionally, the phenotypes of the three probands are clearly similar and consistent with the functional results for the EBF3 p.Arg163Gln and p.Arg163Leu variants. We show that EBF3 p.Arg163Gln is a severe loss-of-function variant and that p.Arg163Leu is a partial loss-of-function variant. Determining possible genotype-phenotype correlations related to residual activity of the variant protein is limited by the small sample size. However, it is interesting that probands 1 and 2 (who have the p.Arg163Gln variant and minimal transcriptional activity) have structural anomalies of the cerebellum, whereas proband 3 (who has the p.Arg163Leu variant and partial transcriptional activity) has no structural brain or genitourinary abnormalities. We also note that Harms et al. 56 (in this issue of The Journal)
identify EBF3 mutations in individuals with similar neurological phenotypes. A larger sample size and longitudinal monitoring of neurodevelopment would be beneficial to determining the genotype-phenotype correlations between the EBF3 variants identified in the two studies. Our findings further suggest that ARX target genes might represent an enriched population of disease-associated genes for neurodevelopmental disorders given the diversity and heterogeneity of ARX-related disorders.
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